Effective population size (N e ) is a measure of genetic drift and is thus a central parameter in evolution, conservation genetics and invasion biology. Interestingly, in native marine species, N e is typically several orders of magnitude lower than the census size. This pattern has often been explained by high fecundity, variation in reproductive success and pronounced early mortality, resulting in genetic drift across generations. Data documenting genetic drift and/or N e in marine invasive species are, however, still scarce. We examined the importance of genetic drift in the invasive species Crepidula fornicata by genotyping 681 juveniles sampled during each annual recruitment peak over nine consecutive years in the Bay of Morlaix (Brittany, France). Observed variations in genetic diversity were partially explained by variation in recruitment intensity. In addition, substantial temporal genetic differentiation was documented (that is, genetic drift), and was attributed to nonrandom variance in the reproductive success of different breeding groups across years in the study species. Using a set of single-sample and temporal estimators for N e , we estimated N e to be three or four orders of magnitude smaller than the census size (N c ). On one hand, this reduction in N e relative to N c appeared congruent with, although slight higher than, values commonly observed in native marine species. Particular life-history traits of this invasive species may play an important role in buffering genetic drift. On the other hand, N e still remained far below N c , hence, possibly reducing the efficiency of selection effects.
INTRODUCTION
Genetic drift influences genetic diversity, the efficiency of selection and the potential for adaptation to environmental change (Frankham, 1995; Berthier et al., 2002; Hare et al., 2011) . Its intensity depends on the effective size of a population (N e ), the size of an ideal population in which genetic drift occurs at the same rate as in the study population (Wright, 1931) . Although N e has been frequently investigated in the context of conservation and fisheries management (for example, Chapman et al., 2002; Hauser et al., 2002; Hoarau et al., 2005) , studies of temporal genetic changes and effective size have seldom been investigated in nonnative marine species, despite their importance for examining the relationship between founder events, invasiveness and evolutionary processes acting on marine invasive species following their introduction (Blanchet, 2012; Rius et al., 2015) .
Estimates of N e are typically lower than the population census size (N c ) (Frankham, 1995; Hauser et al., 2002; Palstra and Ruzzante, 2008) . Many factors are likely to lower the N e -to-N c ratio, such as variance in reproductive success, uneven sex ratio and variation in population size over successive generations (Hedrick, 2000; Turner et al., 2006) . Low N e /N c ratios are especially common in marine species, where N e can be several orders of magnitude smaller than N c (for example, N e /N c = 2.10 − 5 in Pleuronectes platessa (Hoarau et al., 2005) ; N e /N c = 10 − 5 in Crassostreas gigas (Hedgecock et al., 1992) ; see Hauser and Carvalho, 2008 for a review). One explanation for the low N e /N c ratio found in marine species with a free-swimming larval stage is high variation in individual reproductive success, particularly because of high interfamily variance in the mortality of larvae dispersed in a fluctuating environment (see, for example, Siegel et al., 2008) . Therefore, a large proportion of reproductive individuals eventually fail to reproduce, potentially leading to a familial lottery or 'sweepstakes' of reproductive success (Hedgecock, 1994) . Given that adults who effectively reproduce are only a fraction of the total population, reduction of the effective population size relative to the census size is one of the key predictions of the 'sweepstakes reproductive success' (SRS) hypothesis (Hedgecock and Pudovkin, 2011) . The SRS hypothesis leads to other testable predictions in term of genetic diversity, genetic structure and relatedness (reviewed in Hedgecock and Pudovkin, 2011) . For instance, genetic diversity of offspring from a single reproduction event will be reduced relative to the adult population, because only a subset of the total population succeeds in reproducing (see, for example, Li and Hedgecock, 1998) . In addition, viewed as a lottery with different sets of individuals successfully reproducing at each reproductive event, allele frequencies will shift from one reproductive event to the next (see, for example, Lee and Boulding, 2007) . Furthermore, related individuals will be observed in the pool of dispersing larvae as the offspring from the few 'lucky winner' adults (that is, juveniles; see for example, Christie et al., 2010) , although the vast majority are likely unrelated (see, for example, Buston et al., 2009) . The SRS hypothesis has been intensively studied, both empirically and theoretically, in marine species and used to explain the chaotic genetic patchiness observed in these species (Hedgecock, 1994) . Studies that have tested the predictions of the SRS hypothesis have led to conflicting results that can be not only attributed to the methods used and the predictions tested, but also to variation in the intensity of SRS across time (that is, 'the right place, but the wrong time' as stated by Hedgecock and Pudovkin, 2011) . Using temporal replicates is one way of resolving potential discrepancies when testing SRS predictions.
Life-history traits and mating systems are important components of SRS and, more generally, of the low N e /N c ratio. In addition to the particular properties of marine species outlined above, the effect of unequal reproductive success among families may be further enhanced in species forming small perennial breeding groups with restricted mating opportunities, a situation found in the invasive marine mollusk Crepidula fornicata. Native to the eastern coasts of North America, C. fornicata was introduced in Europe in the late-nineteenth century where it now reaches high densities in several bays (Blanchard, 2009) . C. fornicata is long-lived (6-8 years; Blanchard, 1995) and displays a benthopelagic life cycle, including a free-swimming larval stage (2 to 7 weeks; Rigal, 2009 ) and a sessile adult stage. With high fecundity (5000-20 000 larvae released per female at each reproduction event; Richard et al., 2006) and high mortality during early life stages (Pechenik and Levine, 2007) , this species has a typical type III survivorship curve (that is, early life stages experience the greatest mortality rates, whereas older life stages experience high survival probabilities). Hedrick (2005) demonstrated that N e is small when there are few successful breeders (N b ) in a population during one reproductive event. In C. fornicata, several biological characteristics may reduce N b . This mollusk shows extreme gregarious behavior, with individuals settling on the top of each other to form long-lived 'stacks' (that is, individuals are attached on top of each other for their entire life). It is also a protandrous species in which males change into females according to various parameters including age and stack sex ratio (Coe, 1938; Hoagland, 1978) . The sexes are not randomly distributed within a stack: (older) females are at the bottom of the stack. In addition, fertilization is internal and females store the sperm transferred by several males, using mainly sperm from one male over a period lasting several months . Because of these characteristics, reproductive individuals have access to a limited number of mates (Dupont et al., 2006; Broquet et al., 2015) . Although females release larvae between three and five times per year , each set of released larvae has a small number of fathers, and this remains stable over the reproductive season (Broquet et al., 2015) . Temporal polyandry is therefore unlikely to compensate for reproductive bias at each mating (Pearse and Anderson, 2009) . Along with high variance in the mortality of early life stages, this species is particularly prone to nonrandom variance in reproductive success. The effective population size of C. fornicata can be further reduced by a strongly male-biased sex ratio at both the stack and population levels (Nunney, 1993; Caballero, 1994) . The reproductive features listed above (iteroparity, high fecundity, reproductive bias due to protandry, gregariousness and sperm storage) are expected to decrease N e relative to N c . Nonetheless, other features may buffer these effects because the reproductive pool is composed of adults that are long-lived and belong to overlapping generations.
The aim of this study was to compare genetic diversity and genetic structure across successive cohorts of settlers (that is, new recruits) in the invasive marine species C. fornicata. Although reproduction occurs continuously over 7-9 months, there is only one major recruitment event observed each year in late summer/early autumn. This peak of recruits allows clear identification of a single generation, that is, the youngest generation composed of immature individuals that are o1 year old ). However, older generations cannot be identified with accuracy because of a poor correlation between size and age ). To test the hypothesis of substantial genetic drift across successive cohorts and a moderate effective number of breeders in the wild, we examined temporal variation in genetic diversity of juvenile pools of C. fornicata that were sampled during the main annual settlement event for 9 consecutive years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Genetic data were also used to estimate contemporary effective population size (that is, short-term N e estimates among samples collected over 10 years). Our experiment tested the following three hypotheses: (1) an increase in recruitment success reduces the loss of genetic diversity at the population level; (2) temporal changes of genetic diversity occur across successive episodes of juvenile settlement; and (3) effective population size is substantially lower than census size, in light of predictions of the SRS hypothesis.
MATERIALS AND METHODS

Sampling design
Reproduction in C. fornicata is known to occur during spring and summer (Henry et al., 2010) and, following larval dispersal and metamorphosis, recruits (that is, juveniles-both terms will be used interchangeably thereafter) settle en masse during a 2-4-month period in late summer/early fall on stacks in response to chemical cues released by adults (Pechenik and Heyman, 1987; McGee and Targett, 1989) . For this study, C. fornicata was sampled in the Bay of Morlaix (Brittany, France; 48°40′18′′N, 3°53′17′′W), a site where the benthic phase of the species has been surveyed monthly since 2004 as part as a longterm monitoring program. Each month, 30 stacks (minimum 300 individuals) are sampled along a 50-m transect by scuba diving. Males, females and juveniles found on these stacks are counted to determine the proportion of juveniles each month and the onset of the settlement period. Individuals are preserved in 96% ethanol for subsequent genetic analyses. The proportion of juveniles to adults in the population varies across years ( (autumn, winter and spring) . We used the autumn sample that is the most similar to the 'annual recruits' sample described above.
DNA extraction and microsatellite genotyping
Genomic DNA extraction of juveniles was performed using a Nucleospin Multi-96 Tissue Kit (MACHEREY-NAGEL, GmbH & Co. KG, Düren, Germany) following the manufacturer's protocol. Each individual was genotyped at 15 microsatellite loci; 12 loci were expressed sequence tag-simple sequence repeats (Riquet et al., 2011) and 3 markers were isolated from anonymous nuclear libraries: CfH7 (Dupont et al., 2006) , Cf8 (Proestou, 2006) and CfCA4 (Dupont et al., 2003) . Loci were amplified by PCR following Riquet et al. (2011) , but with 2 μl of stock DNA diluted 1:20. Amplification products were separated by electrophoresis on an ABI 3130xl DNA sequencer (Applied Biosystems, Waltham, MA, USA). Scoring of alleles was performed using GeneMapper v. 4.0 (Applied Biosystems) and manually verified.
Analyses of genetic diversity
Allele frequencies and allelic richness (A r , that is, the expected number of alleles corrected for sampling size based on a rarefaction procedure) were estimated for each sample using FSTAT 2.9.3.2 (Goudet, 1995) . We used GENEPOP 4.1 (Rousset, 2008 ) to estimate expected heterozygosity (H e ), fixation index (F IS ) and to test departure from Hardy-Weinberg equilibrium (HWE; 10 000
Effective size of an invasive species F Riquet et al dememorization steps, 500 batches and 5000 iterations per batch). Juvenile samples that departed from mean A r and H e values computed over all samples were tested using a bootstrap procedure (10 000) implemented in the statistical program R (R Development Core Team, 2011) . The correlation between singlelocus A r or H e estimates and the percentage of recruits observed during monitoring was assessed using Spearman's correlation analyses using R. Correlations were independently assessed and P-values were then combined using Fisher's combined test statistic (Fisher, 1932) . Genotypic data from adults were available for the same 15 loci; the adult samples have been collected four times F Riquet et al., unpublished data) . Indices of genetic diversity were compared between juveniles and adults for each of these 4 years, using the permutation procedure implemented in FSTAT (5000 permutations). Correspondence analysis implemented in GENETIX (Belkhir et al., 1996 (Belkhir et al., -2004 was performed to graphically visualize the genetic distance between each sample of juveniles over the 9 study years. As recommended by Jombart et al. (2009) , alleles with frequencies ˂5% were excluded. Genetic structure between samples was assessed using F ST estimates (Weir and Cockerham, 1984) calculated using GENEPOP 4.1 (Rousset, 2008) . Exact tests for population differentiation (10 000 dememorization steps, 500 batches and 5000 iterations per batch) were carried out to test for differences in allele distributions among samples and between pairwise samples. To adjust P-values for multiple tests, q-values were computed using the QVALUE package in the R software (Storey, 2002) . Isolation By Time was tested using the Mantel test (Mantel, 1967) implemented in GENEPOP on the web (http://genepop. curtin.edu.au/) correlating temporal distance (years or months between recruitment) with F ST /1 − F ST .
Effective size estimation
Estimating N e is challenging and the use of several independent methods is recommended to improve accuracy (Waples, 2005; Fraser et al., 2007; Waples and Do, 2010; Hare et al., 2011) . Two categories of methods were used to estimate effective population size: temporal methods and single-sample methods.
First, we used methods in which N e is estimated by measuring temporal changes in allele frequencies between two or more samples separated by one or more generations (that is, 'temporal methods'; Waples, 1989) . Four temporal methods were used: (1) moment-based F-statistics (Waples, 1989 ) (method 1); (2) a pseudo-likelihood-based approach (Wang, 2001 ) (method 2); (3) a maximum-likelihood coalescent-based method (Beaumont, 2003) (method 3); and (4) a method identical to (2) but in which migration rate is jointly estimated (Wang and Whitlock, 2003 ) (method 4), relaxing the assumption that the population is completely closed to immigration. Sampling plan II was used (Waples, 2005) because individuals were sampled before reproduction and not replaced. Sampling periods spanned 9 years (2002-2010) and we assumed a generation time of 2 years. The effective size was estimated between the most temporally spaced samples (that is, recruits of 2002 and 2010), hence, separated by four generations, a timespan short enough to ignore the effects of mutation (Waples, 1989; Beaumont, 2003) and reduce bias due to overlapping generations (Waples and Yokota, 2007) . The moment-based temporal estimates (method 1) and their 95% confidence intervals (Waples, 1989) were computed using NeEstimator v2 (Ovenden et al., 2007; Do et al., 2014 ) using a modified formula for the temporal variance F (Jorde and Ryman, 2007) . The pseudolikelihood methods (methods 2 and 4) were implemented in MLNe 2.3 (Wang and Whitlock, 2003) . We set maximum N e to 1 500 000, a value that is higher than N c estimated in the Bay of Morlaix. Based on a spatial survey of the site, density of C. fornicata ranges from 20 to 200 ind m − 2 (Dupont, 2004) , spread over 6000 m 2 (L Lévêque and T Broquet, personal communication), resulting in ca. 120 000 to 1 200 000 individuals in the study site. Migration was set to zero, a condition under which MLNe estimates the likelihood estimator proposed by Wang (2001) (method 2). For method 4, samples used as the 'source population' were adults collected at four sites within the Bay of Morlaix and two sites from the closest adjacent bay (Saint-Brieuc) (F Riquet et al., unpublished data). Finally, we used a coalescent-based maximum likelihood method implemented in TMVP (method 3; Beaumont, 2003) , and used Markov chain Monte Carlo simulations (25 000 replicates) to generate a posterior distribution of N e assuming a Bayesian prior on a maximum N e of 1 500 000. A combined point estimator based on the harmonic mean of these four temporal methods was calculated according to strategy 1 described in Appendix A of Waples and Do (2010) .
Second, we also used methods based on the analysis of a single sample to estimate the effective number of breeders (N b ) that produced the sample (Waples, 2005) : (1) a method measuring the nonrandom association of alleles (method 5) at different loci within a sample (Hill, 1981 ) using a bias correction (Waples, 2006; Waples and Do, 2008) and implemented in NeEstimator v2 (Do et al., 2014) ; (2) a method based on kinship reconstruction (method 6) as proposed by Wang (2009) and available in the COLONY software (Wang, 2004; Jones and Wang, 2010) ; and (3) a method based on molecular coancestry (method 7) (Nomura, 2008) implemented in NeEstimator v2 (Do et al., 2014) . For method 5, a criterion (P crit ) was used for excluding rare alleles and balancing the precision-bias tradeoff due to rare alleles. Given the size of each sample and following recommendations by Waples and Do (2010) , we excluded alleles with frequencies below P crit = 0.05 for 2009; P crit = 0.02 for 2002 to 2005, 2008 and 2010; and P crit = 0.01 for 2006 and 2007. Similar to temporal estimates, point estimates from the three single-sample methods were combined into a joint-point estimate (unweighted harmonic mean) per sample that was used to evaluate variations in N e over the sample period (Waples and Do, 2010) .
Finally, to obtain an overall estimate of effective size, a joint-point estimate based on all single-sample and temporal estimates was computed (Waples and Do, 2010) . The single-sample estimators provide an estimate of the effective number of breeders in the previous year. To avoid combining inferences over different timeframes, we computed single-sample and temporal estimates over comparable timeframes and excluded the 2009 sample, in which only 17 individuals were genotyped. This selection resulted in three comparable timeframes: 2002/2006, 2003/2007 and 2002/2008 , for which estimates were combined based on (1) temporal methods applied to the recruits of 2002 and Table 1 Genetic diversity indices of the study samples using 15 microsatellite markers for juveniles studied each year from 2002 to 2010 (with the number of months (N months) over which they were collected) Waples and Do (2010) and are shown in Supplementary Appendix S1.
For examining the influence of generation time on our conclusions, we also computed joint-point estimates for each of three timeframes (2002/2006, 2003/2007 and 2002/2008) 
RESULTS
Genetic diversity and recruitment success
A total of 681 juveniles were genotyped at 15 highly polymorphic microsatellites (2 to 68 alleles/locus). Estimates of genetic diversity for each sample are summarized in Table 1 Table 1 ). Two samples departed from the mean A r (J04 and J09; Figure 1a ), whereas three samples departed from the mean H e (J03, J05 and J06; Figure 1b) . The most genetically diverse pool of recruits was observed in 2006. Significant correlations were observed between the percentage of yearly recruits and both A r (Fisher's combined test statistic, P = 0.015) and H e (Fisher's combined test statistic, P = 0.007). No reduced genetic diversity was observed in juveniles compared with adults sampled the same year (that is, the putative parental generations; A r : P = 0.91; H e : P = 0.15); the indices obtained on adults are given in Supplementary Appendix S2. Departures from HWE were found in each sample (Table 1) and out of the nine study samples, three (J03, J07, J08) exhibited an estimate of F IS higher than the mean value (F IS-mean = 0.130). Each locus showed heterozygosity deficiencies in at least one sample, and, although few HWE tests within a sample were statistically significant, combined heterozygosity deficiencies were highly significant across the 15 loci. (Figure 2 ), a pattern also observed with F ST estimates ( Table 2 ) that revealed significant genetic differentiation between J07 and all the other samples as well as between J06 and all samples other than J08 and J09. Although the 2003 sample is separated along the second axis of the correspondence analysis, this heterogeneity was not supported by pairwise F ST estimates: J03 was only genetically distinct from the J06 and J07 samples. As expected from the above results, no isolation by time was detected across the 9-year sampling (P-Mantel = 0.22).
Convergence of effective size estimators toward moderate values
Temporal changes in allele frequencies were used to estimate effective population size per generation (2002/2010 in Table 3 ). Over all methods, point estimates of N e ranged from 136.4 (method 4) to 3 576.0 (method 2) with overlapping confidence intervals of methods 1 and 2, and 1, 3 and 4. The harmonic mean of the four temporal methods yielded N e = 205.7 when taking into account a generation time of 2 years, decreasing to 134.3 and to 82.3 years with a 4-year and 8-year generation time, respectively.
Single-sample methods yielded estimate of N b ranging from 27.2 (J03, method 7) to infinite estimates (several year samples for methods 5 and 7; Table 4 ). Confidence intervals of these methods overlapped for only 3 out of the 9 years (J02, J03 and J09). Combined point estimates based on single-sample methods were variable across years, and an unweighted harmonic mean of estimates across all 9 years Combining the two categories of methods by taking into account variance and weight estimates produced N e point estimates of 199.8, 157.9 and 214.3 (2002-2006, 2003-2007 and 2002-2008, respectively ; Supplementary Appendix S1). Across temporal methods, increasing the generation time reduced the point estimates from 1.80 (2003) (2004) (2005) (2006) (2007) to 2.04 (2002) (2003) (2004) (2005) (2006) ; Table 3 ), resulting in joint-point estimates of N e across temporal and single-sample methods of 127.1 (2002-2006), 81.6 (2003-2007) and 207.7 (2002-2008) , these values being 1.03 to 1.93 lower than with a 2-year generation time (Supplementary Appendix S1). The barycenter of each population is shown. J06 and J07, samples that showed significant genetic differentiation, are distinguishable from all other samples along the first axis. Black arrows perpendicular to the first axis outline these dissimilar samples. J03 stood out along the second axis that is outlined by black arrow perpendicular to the second axis. Samples are labeled according to Table 1 . Effective size of an invasive species F Riquet et al
To summarize, whatever the generation time considered and the method used, with the exception of methods 2 and 7, the majority of N e estimates, as well as the combined methods, converged to a few hundred individuals.
DISCUSSION
Genetic analysis of the C. fornicata recruits that settled annually over 9 years in the Bay of Morlaix (Brittany, France) revealed departure from HWE, variation in genetic diversity and shifts in allele frequencies over time. The large departure from HWE observed cannot be explained only by the presence of null alleles (Riquet et al., 2011) , and can also be attributed to a temporal Wahlund effect Black, 1982, 1984a, b) . A temporal Wahlund effect can arise from the juxtaposition of several groups with different allele frequencies, that is, offspring from different families. The temporal genetic changes observed in this bay likely reflect variance in adult reproductive success over time rather than fluctuation in the geographic origin of larvae because the Bay of Morlaix has been shown to receive limited immigration from adjacent bays (Dupont et al., 2007a ; see details below).
C. fornicata produces a high number of offspring that undergo high mortality during early life, a pattern typical of many marine species and thought to reflect variability in ocean conditions (Siegel et al., 2008; Hedgecock and Pudovkin, 2011) . Many individuals from the parental generation ultimately fail to reproduce because only a small random subset of larvae survives dispersal, metamorphosis and settlement, that is, the so-called SRS hypothesis (Hedgecock, 1994) . The effective number of breeders is thus reduced relative to the number of reproductive adults and shift in allele frequencies can be observed from one reproductive event to the next (Johnson and Black, 1991) . Temporal genetic variation across years however varied in intensity, suggesting that the extent of this reproductive lottery in C. fornicata may vary among years, and result in temporally variable genetic drift. Similar levels of genetic diversity and low genetic differentiation were observed among the four adult samples of the study population (Supplementary Appendix S2) . This similarity suggested a stable reproductive pool (adult samples contributed up to 6-7 annual recruitment events) over time that may buffer genetic variation among settlers. In addition, although predicted by the SRS hypothesis, no reduced genetic diversity was observed in new recruits compared with the adult population, as found in other marine species (see, for example, Ruzzante et al. 1996 ; but see Hedgecock et al., 2007) , a result likely because of the difficulty of detecting such changes with highly polymorphic markers.
Interestingly, recruitment success was variable across years (χ 2 test: Po0.001), and 3 years showed particularly successful recruitment with a higher percentage of juveniles (17.35%, 21.01% and 15.71% in 2003, 2006 and 2007, respectively; Table 1 ) than the mean value (11.6%) observed across the full study period. In contrast, very few recruits were produced in 2009 (⩽2% of the total population; Table 1 ). Using the proportion of recruits as a proxy for settlement success, we observed a significant correlation between settlement success and indices of genetic diversity (A r and H e ), suggesting that higher levels of recruitment yield a more genetically diverse population, a result in favor of the SRS hypothesis. This correlation was heavily influenced by the 2006 and 2009 samples, the most extreme recruitments: upon removal of these samples, the correlation was no longer significant (r = 0.47, P = 0.78). Therefore, extreme recruitment events highly influence juvenile genetic diversity, but slight interannual fluctuations do not. Based on the joint combined estimates, N e estimates fluctuated slightly according to the timeframe used: it varied from 135 (2003-2007 timeframe) to 310 (2002-2008 timeframe) . These variations may be due to the influence of recruitment success. For instance, the 2002-2008 timeframe, which showed the highest N e value, included the 3 years with high recruitment success (2003, 2006, 2007) . Conversely, the 2002-2010 timeframe included the year with the lowest recruitment (2009) and displayed the lowest N e estimates. These extreme events seemed also to influence N e estimations based on single-sample methods, with larger N e estimates in years of high recruitment success (for example, 2006 and 2007) and smaller N e estimates in years of low recruitment success (for example, 2009). The overall correlation between N e estimates and recruitment success is however not significant. Altogether, genetic drift is likely driven by extreme events.
Temporal genetic changes in populations closed to migration are largely driven by genetic drift, an outcome of reductions in effective population size relative to census population size. Migration is usually neglected in most methods estimating N e , although ignoring it can lead to underestimates or overestimates (Wang and Whitlock, 2003; Fraser et al., 2007; Gilbert and Whitlock, 2015) . Migration can induce rapid shifts in allele frequency if immigration involves a genetically different population, and such rapid changes can be wrongly attributed to severe genetic drift, hence, underestimating N e . Conversely, when source populations are similar to recipient populations, Effective size of an invasive species F Riquet et al N e can be overestimated (Gilbert and Whitlock, 2015) . The Bay of Morlaix is unlikely to be strongly influenced by migration from neighboring bays. Larval distribution studies and hydrodynamic modeling has shown that this bay mostly exports larvae and that the larval supply entering the bay is small (Rigal et al., 2010) . In addition, genetic studies have shown significant genetic differentiation between the Bay of Morlaix and its western and eastern neighboring bays (F ST = 0.0015; P-value on exact test o0.001; F Riquet et al., unpublished data; Dupont et al., 2007a) that may indicate limited gene flow (and/or large effective population size). Estimates from methods 2 and 4, which are identical except for the presence of migration were, however, inconsistent. The highest N e values were observed when ignoring gene flow (that is, overestimating N e ), a result congruent with many other studies (references in Fraser et al., 2007; Gilbert and Whitlock, 2015) . Thus, although the study population is thought to experience limited immigration from neighboring bays, we cannot exclude some biases due to immigration. However, using seven methods differing in mathematical properties and assumptions (review in Luikart et al., 2010; Gilbert and Whitlock, 2015) , and combined estimates following Waples and Do (2010) , the overall majority of estimates was of the same order and yielded a mean value of ca. 194.4 (detailed comparisons of N e estimates are provided in Supplementary Appendix S3). Congruent with the study of Gilbert and Whitlock (2015) based on simulated data using seven methods and various demographic scenarios, two methods (methods 3 and 4), plus method 6 not assessed in Gilbert and Whitlock (2015) , appeared to be the most reliable given their robustness to changes in timeframe and their confidence intervals. Considering the census size estimated in the field for the sampled population and the mean N e estimate, the N e /N c ratio is 1.6 × 10 − 3 when using the lower bound of the estimated N c (N c-min = 120 000) and 1.6 × 10 − 4 when using the upper bound of the estimated N c (N c-max = 1 200 000). The effective size of the population was thus estimated to be at most three or four orders of magnitude less than the number of potential breeders. This ratio is only slightly modified if we consider a longer generation time, a parameter difficult to estimate in the study species. In laboratory studies, maturity takes place within 4 months for males (Warne, 1956, cited in Fretter and Graham, 1981) and 300 days for females (Nelson et al., 1983) , suggesting a 2-year generation time. When assuming longer generation times (4 or 6 years), N e estimates were 1.03 to 1.93 times lower than those estimated with a 2-year generation time, thus suggesting higher genetic drift from one generation to the next, but N e /N c is of the same order because of large N c values. Theoretically, the N e /N c ratio is expected to be ∼ 0.5 for a wide range of demographic and reproductive scenarios (Nunney, 1993 (Nunney, , 1996 . By analyzing N e /N c ratios of different species characterized by different life-history traits, Palstra and Ruzzante (2008) showed that life-history traits such as high fecundity and high mortality in the early stage (that is, traits generating high variance in reproductive success) may result in a 86% reduction in effective size relative to the census size. However, the N e /N c ratio estimated in C. fornicata is o0.14, whatever the N e /N c value considered, as reported in the majority of studies in the marine realm that have documented even lower N e /N c ratios (see, for example, Hedgecock, 1994; Hauser et al., 2002; Hoarau et al., 2005) . However, our ratio is much higher than those detected in other marine species, especially in fishes and oysters (Hauser and Carvalho, 2008; Hare et al., 2011 and references herein) , for which N e is several orders of magnitude smaller than N c . This suggests that the N e /N c ratio in C. fornicata is moderate compared with other marine species.
Census population size estimates used in this study may have been underestimated because the spatial distribution of the species is highly heterogeneous, and density values, measured by scuba diving along transects (Dupont, 2004) , may have missed local dense patches. There are thus uncertainties in the N c estimates used here. However, interestingly, the population seems stable over time: although N c has not been carefully monitored, monthly scuba diving over 13 years, plus two surveys carried out in the entire Bay of Morlaix in 2006 and 2010, have not reported significant changes in C. fornicata population size and density (that is, no major boom or bust). Despite the large number of larvae released per reproductive event, most larvae are exported out of the bay, and only a fraction recruits into the study population, contributing to the demographic stability in the study site (Rigal et al., 2010) . A large effective size (relative to other marine species) may also explain the large N e /N c ratio in the study species relative to other marine species. Differences in life-history traits may have important impacts on N e (Gaggiotti and Vetter, 1999) and particular life-history traits of the study species may have positively affected N e . C. fornicata displays stacking behavior, and at the stack level, that is, within a breeding group (Dupont et al., 2006; Proestou et al., 2008; , individuals from several generations co-occur and mating between different generations is de rigueur (Dupont et al., 2007b; Broquet et al., 2015) . These particular age-sex structures in which generations overlap and mate should reduce temporal genetic variation (Ryman, 1997; Gaggiotti and Vetter, 1999) . The stability of the reproductive pool over successive years makes successive annual cohorts of recruits likely to be partly issued from genetically similar reproductive pools. These particular life traits may be sufficient to buffer the effects of reproductive variation and sweepstake events, and thus genetic drift at the population level (Dupont et al., 2007b) .
Despite moderate genetic drift relative to other marine species, we estimated a small effective population size compared with the census size. Responses to selection have been hypothesized to be important processes in explaining invasion success of nonindigenous species, especially in primary introduced species with large genetic diversity on which selection could act (Lee, 2002; Roman and Darling, 2007; Barrett and Schluter, 2008; Lawson-Handley et al., 2011; Rius et al., 2015) . Introduced populations that have experienced founder events and lost genetic variation following introduction may also lose their ability to adapt to new conditions. Based on a genome-scan approach, no selection effects have been shown in C. fornicata following its introduction (Riquet et al., 2013) . This pattern may be because of a limited effective population size across several generations. Note, however, that we estimated contemporary N e . Further studies investigating N e over longer timescales and at a species-wide level should be pursued. In particular, sampling distinct adult generations (that is, nonoverlapping; for instance every 10 years) would be needed, although hardly feasible on such a long timescale. To our knowledge, no other study has examined N e estimates in this introduced species, and rigorous N e comparisons of native and introduced populations are also needed to ascertain this putative link between (the lack of) founder events, (large) effective size and invasion success.
CONCLUSION
A reduced effective population size relative to the census size was observed in C. fornicata. In addition, temporal genetic variations between cohorts of settlers were here documented, both of which are signatures left by a reproductive lottery. This footprint of genetic Effective size of an invasive species F Riquet et al drift and SRS seems, however, weak in C. fornicata when considering values reported in other marine species (that is, N e /N c oo0.01). These differences may reflect particular life-history traits of C. fornicata that minimize the effect of reproductive variation among adults relative to other marine species. Estimating effective size is challenging in marine species with larval dispersal and large population sizes because of the risks of sampling bias and long-distance immigration from distant populations. Investigating SRS should thus not only include estimating N e /N c ratios, but also investigate all of its other predictions such as higher relatedness within larval cohorts (see, for example, Planes et al., 2002 ) that require temporal sampling at different stages of the life cycle, particularly between parents and their offspring before dispersal.
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